The complexity of channel estimation algorithms is of critical importance in high mobility orthogonal frequency division multiplexing (OFDM) systems. To reduce the complexity of the algorithm, the existing channel estimation algorithms take advantage of the correlations between the channel coefficients. However, they do not take into account the variations of the correlations with the delay tap. In this paper, we consider the change in correlation between channel coefficients for different delay taps. By considering these variations, the number of computations needed for channel estimation can be decreased. This results in a reduction in the circuit energy. The simulation results show that the proposed scheme consumes less total energy per bit for transmission distances less than about 170 m when the mobile speed is 324 Kmph.
Introduction
Recently, OFDM has been adopted in many standards due to its improved performance in the presence of frequency selective channels. Channel state information (CSI) is required at the receiver to perform coherent detection. Pilot symbols are used to assist the channel estimation at the receiver. The fast variations in the channel state caused by the high speed of the transmitter and/or receiver demand that the channel estimation should be performed instantly. This suggests a reduction in the complexity of the channel estimation algorithm for highly mobile users.
Different channel estimation methods are proposed in the literature that use soft decoded symbols and interpolation between the time domain channel coefficients to assist the channel estimation. A low complexity iterative channel estimation technique is proposed in [1] . In this scheme, channel estimation is done by improving a priori information of the decoded data and the preamble by dynamically weighting the statistics according to reliability. However, the Doppler information is not taken into account by this method. The correlation between channel coefficients depends on the Doppler frequency and therefore this information can be exploited for channel estimation. Accordingly, Aboutorab et al. [2] have proposed an iterative Doppler assisted channel estimation for OFDM systems. A similar idea was used by Aboutorab et al. in [3] for MIMO OFDM systems. In these works, the interpolation coefficients depend on the Doppler information. For estimation of every channel coefficient, only two reference channel coefficients are used. Further improvement is done by using iterative estimates of data symbols as additional pilots. However, the variation of the correlation coefficients for different delay taps [4] is not considered in these studies. Moreover, the iterative method, although it improves estimates, can also lead to error propagation. In [5, 6] Doppler information is used to form the basis for basis expansion model (BEM) of the wireless channel and performance is enhanced by considering interference. Linear approximation of the variations of channel coefficients is used in [7] ; however the performance of the channel estimation becomes poor for high mobility systems. In [8] , the channel is assumed to be static over OFDM blocks and channel estimation is performed on the basis of information acquired over the transmission of OFDM blocks. However, as increases the complexity of the system will increase, resulting in increased circuit energy. The accuracy of channel estimation affects the transmission energy of the system. On the other hand, circuit energy also plays an important role in the lifetime of the battery operated nodes. Therefore, many authors [9] [10] [11] [12] [13] [14] [15] [16] have considered circuit energy while assessing the energy efficiency of different schemes. The solutions discussed above only consider the transmission energy and do not take into account the circuit energy. Muñoz and Oberli in [17] and Yatawatta et al. in [18] present methods for computing the circuit energy of the channel estimation algorithm. The energy consumption depends upon the number of arithmetic operations needed for the algorithm to calculate the channel estimate. The number of arithmetic operations needed depends on the number of interpolation coefficients and the number of reference channel coefficients.
In this paper, we show that by utilizing the variations of correlation coefficients for different delay taps it is possible to reduce the complexity and subsequently the circuit energy consumption of the channel estimation algorithm. The circuit energy has a major impact on the overall energy consumption of the system [19] for small distance applications. Hence our proposed method is applicable for smaller range highly mobile systems.
To reduce the circuit energy of the channel estimation algorithm, we assume that every channel coefficient can be represented by a linear combination of reference channel coefficients. These reference channel coefficients are named as time domain markers. The coefficients of the time domain markers in the linear combination are the correlation coefficients. We assume that correlation among channel coefficients depends on the normalized Doppler. In this paper we design a new scheme that exploits the fact that correlation among channel coefficients for the same time differences of smaller delay taps is higher than their larger counterparts [4] . This helps in reducing the reference channel coefficients for smaller delay taps. Hence the arithmetic computations needed for least-square (LS) estimation will also decrease. This translates to reduced circuit energy. The simulation results show that the performance of the proposed scheme in terms of transmission energy is comparable to [2] .
In terms of circuit energy the proposed scheme outperforms [2] .
The contributions of this paper are summarized below.
(i) The linear combinations of the time domain markers are used to estimate the channel coefficients.
(ii) The variation in the correlation coefficient for different delay taps is exploited to decrease the number of time domain markers in the estimation process.
(iii) The circuit energy analysis is done for the proposed scheme.
(iv) The overall energy consumption of the proposed scheme is compared with schemes in [1, 2] .
The rest of the paper is organized as follows: Section 2 describes the system model. In Section 3 we present the proposed scheme for channel estimation and its energy analysis. Section 4 discusses simulation results and conclusions are drawn in Section 5.
Notation. In the following we will use bold face capital letters to represent matrices and bold face small letters to represent vectors, (⋅) represents the transpose operation, (⋅) * represents the conjugation operation, (⋅) represents the Hermitian transpose,̂represents the approximation of ,r epresents the Fourier representation of , and [⋅] represents the statistical expectation.
System Model
We consider an OFDM system, shown in Figure 1 , with every symbol comprising subcarriers. Let us assume that x = [̃(0)̃(1) ⋅ ⋅ ⋅̃( − 1)] represents the OFDM symbol. Herẽ( ) represent the information sent on the th subcarrier. The transmitter applies inverse fast Fourier transform (IFFT) onx to get time domain representation x = [ (0) (1) ⋅ ⋅ ⋅ ( − 1)]; that is,
International Journal of Distributed Sensor Networks 3 where F is the fast Fourier transform (FFT) matrix of size whose ( , )th entry is (1/ √ ) −1, −1 and , = − 2 / . Moreover, cyclic prefix is added to x to avoid intersymbol interference (ISI) caused by the channel. The length of the cyclic prefix should be greater than or equal to the length of the channel impulse response ( ). The receiver first removes the cyclic prefix to get
where n = [ (0) (1) ⋅ ⋅ ⋅ ( − 1)] is AWGN noise and H c is an × circulant channel matrix given below [2] :
where ℎ( , ) represent the impulse response at time caused by pth channel tap. Every entry of H c is assumed to be circularly symmetric complex Gaussian with unity variance. The receiver then performs FFT operation on y to get
whereñ is the L-point FFT of n. After some simplification the th entry ofỹ can be written as
Proposed Scheme

Using Doppler Information for Channel Estimation.
In this section we review the problem of estimating the channel with the help of Doppler information and time domain correlations. We consider a channel matrix H with rows and columns whose ( , )th entry is represented by ℎ( − 1, − 1). Each column of H represents a delay tap and each row represents time index. To estimate this channel matrix we need to find LP values. This can be quite complex for larger values of and . Instead, we can approximate some rows of channel matrix with the help of some reference rows taken from channel matrix H. To do this, we observe that for Rayleigh channels the time correlation between row and row of H is given by [20] [h h ] = 0 (2 ND ( − )) ,
where ND is the normalized Doppler, that is, the Doppler frequency ( ) normalized by subcarrier spacing, and 0 (⋅) is the Bessel function of first kind and zeroth order. Let us assume that the matrix of reference rows is H = [h (1) , h (2) , . . . , h ( ) ] that will be used to approximate the remaining rows of the channel matrix H. Here h ( ) is the ( )th row of channel matrix H, represent the th reference row, and we are assuming a total of reference rows.
In [2] it is assumed that a channel matrix row is approximated with the help of two reference rows picked from H . The approximation of row h as a function of reference rows is given as follows:ĥ
where h ( ) is th chosen reference row for lth row approximation and c is the vector of interpolation coefficients. The interpolation coefficient vector, c , is chosen in such a way to minimize the mean square error betweenĥ and h :
By applying orthogonality principle [21] we can obtain the following vector c :
The vector c and the reference rows h (1) , h (2) can be used to approximate lth row of H with the help of (7) . Combining the reference rows and the approximations of the remaining rows we will haveĤ, the approximation of H as a function of reference rows only. The approximation of circulant channel matrix,Ĥ , can be obtained fromĤ. Now we can replace H withĤ in (4) and can estimate the reference rows using least square (LS) method. Assuming there are number of reference rows then we need to estimate only RP elements of the reference rows. Hence the problem of estimating LP elements has been reduced to the problem of estimating only RP elements.
Delay Tap Dependence of the Correlations.
In [2] it is assumed that time domain correlations are independent of the delay taps. This fact is depicted in (6) . However, the channel gains of multipaths are inversely proportional to the path length and the distance for the higher delay taps is larger than the smaller delay taps. Therefore, the time domain correlations between the smaller delay taps will be higher than the time domain correlations for the larger delay taps. The dependence of the time domain correlations on delay taps is given by [4] [ℎ ( , ) ℎ * ( , )] = ( ) 0 (2 ND ( − )) ,
where
where 0 is the delay for the line of sight (LOS) path and if the reflectors are assumed to be static then is a constant. The dependence on delay taps suggests that less number of reference channel coefficients can be used for approximation of smaller delay tap channel coefficients while more reference channel coefficients may be required for approximation of higher delay tap channel coefficients. To account for the fact that correlations depend on the tap delays and different numbers of reference channel coefficients that may be needed for approximation of every delay tap channel coefficient, we make c a matrix C instead of a vector. The rows of C represent the variation of the correlation coefficient with tap delay and columns represent the time domain variation of the correlation. In the following subsection we will discuss the procedure of constructing C and its use for channel estimation.
Construction of Interpolation Coefficient Matrix and
Channel Estimation. The elements of interpolation coefficient matrix depend on the reference channel coefficient selection. For smaller delay taps we will consider smaller number of reference coefficients and for higher delay taps we will use more number of reference coefficients. Furthermore, the reference channel coefficients are assumed to be distributed uniformly over the time index. We consider a channel matrix H with rows and columns. The definition of rows and columns of H is the same as that used in the preceding subsection. For this case we will have a total of interpolation coefficient matrices and there will be rows and columns of each interpolation coefficient matrix C .
The pth row of lth interpolation coefficient matrix is given by
[ℎ ( , (2)) ℎ * ( ,
) ℎ * ( ,
. . . 
where [ℎ( , )ℎ * ( , )] can be found from (10) . Now we can approximate ℎ( , ) in terms of c ( ) and reference channel coefficients as below:
The number of the reference channel coefficients for delay tap , , can be different for different delay taps and can be adjusted to improve the estimation. Next we will discuss LS estimation of the channel with the help of received signal. The received signal in (5) can be written in terms of channel coefficient approximations as follows:
where ( ) represent the effect of AWGN noise and approximation error. Using (14), (15) can be written as
After some mathematical simplificatioñ( ) can be written as
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The proof of (17) is given in the Appendix. Combining for all subcarriers we getỹ
. . .
] .
The LS solution for h is given by
Now since the number of elements of h is much less than the number of elements of H, the complexity of the channel estimation is decreased. The estimated channel can be used further for equalization and detection of the signal. Assuming a mean square error of 2 Δℎ in the estimation of channel frequency response then the corresponding bit error probability can be approximated by [22] 
where 2 , are the noise variance and channel frequency response at th subcarrier.
Energy Consumption of the Proposed Scheme.
There are two types of energies involved in wireless communication systems, circuit energy ( circuit ) and transmission energy ( trans ) [19] :
The transmission energy depends upon the noise levels, bit error rate (BER), bit rate (B), wavelength of the carrier, and the distance between the communicating entities. On the other hand, circuit energy depends on the complexity of the circuit. The transmission energy is given as
where is the required energy for attaining a particular BER, is the distance, is the receiver antenna gain, is the transmitter antenna gain, is the link margin, is the carrier wavelength, is the power amplifier efficiency, and is the peak to average ratio (PAR) of the modulation scheme. The link margin and antenna gains are assumed to be equal to each other [23] and hence will cancel each other out in (28). We have considered a path loss exponent of 2 in our calculation which is suited for rural vehicle to infrastructure channels [24] where traffic density is quite low and higher speeds can be attained. The condition for BER is assumed to be 10 −4 which is acceptable for voice and video applications [25] . The circuit energy is given by circuit = ( DAC + 2 mix + filt + 2 syn + LNA + IFA + filr + ADC )
where ADC , filr , filt , IFA , LNA , syn , DAC , , and est are the power consumption of ADC, the filters at the transmitter side, the filter at the receiver side, intermediate frequency amplifier (IFA), low noise amplifier (LNA), DAC, number of bits in one OFDM symbol, and channel estimation energy. The power consumption values of different parts of the transmitter and receiver circuitry are given in Table 1 [19] . The channel estimation energy is given by [17] 
where represents the number of possible arithmetic operations performed during the estimation, is the number of times the kth operation is performed, is the number of arithmetic processing unit (APU) cycles taken by kth 6 International Journal of Distributed Sensor Networks operation, APU is the APU frequency, is the biasing voltage of APU, and 0 is the current through the APU. The values of these parameters are given in Table 2 [17] .
To find the number of arithmetic operations for calculating the est we need to know the size of the matrix (W W) −1 W andỹ in (24) . Assuming a size of × of (W W) −1 W and × 1 ofỹ we need to perform complex products and ( − 1) complex sums to evaluate (24) . However every complex product computation requires four real products and two real sums and every complex sum requires two real sums. So, in all we need to perform 4 −2 real sums and 4 real products. The total energy can be written as (31)
The complexity for Neda et al. [2] scheme for channel estimation can be found from using the method described above. The only difference will be the value of which will be higher for Neda et al. scheme. However the complexity of the scheme in [1] depends on number of subcarriers , number of pilots used, and a parameter MAW pertinent to the algorithm. For given values of , , and MAW the number of complex multiplications required for the scheme is 5 − 2 +2 × MAW [1] . The value of MAW depends on the coherence bandwidth which is usually high in rural areas due to smaller values of delay spread.
Simulation Results
For simulations, we considered an OFDM system with 512 subcarriers, subcarrier spacing of 5.12 KHz, QPSK modulation, and a carrier frequency of 5 GHz. Hence the value of is 1024 in (29). The channel is considered to have six taps. A total of 48 pilots are used within each OFDM symbol and they are distributed uniformly over the subcarriers. The number of reference channel coefficients used for the existing scheme in [2] is 48, while the number of reference channel coefficients for the proposed scheme is different for different speeds. Although we can optimize the selection of reference channel coefficients this will increase the complexity of the receiver because the optimal reference coefficients will vary for every block of channel realization. Further, as the channel varies from frame to frame, the optimal selection may be applicable to only a single realization of the channel and hence the selection may be optimized for every realization. Therefore, we have distributed the reference channel coefficients evenly along the time index. The value of MAW is considered to be 30 for scheme in [1] , which corresponds to a coherence bandwidth of about 180 KHz. Although the coherence bandwidth is higher than 180 KHz in practical highways [26] and we should choose a higher value for MAW it will increase the complexity of the system. Three mobile speeds are considered for simulations: 81 Kmph, 162 Kmph, and 324 Kmph corresponding to normalized Doppler of 0.025, 0.05, and 0.1, respectively. Three types of results are discussed. First the BER performance of the existing scheme in [1, 2] , perfect channel state information (CSI) case with static channel, and proposed scheme are considered. Second, the overall energy per bit requirement graphs are shown. Third, we compare the percentage of computation energy of the channel estimation process to the overall circuit energy for all the considered schemes. Figure 2 shows the BER graphs for the proposed scheme and the existing schemes in [1, 2] for a mobile speed of 81 Kmph. We can see from the graphs that the BER graph of the proposed scheme is in between the two existing schemes [1, 2] . The performance degradation is due to the less number of reference channel coefficients used for channel estimation process than [2] . However the degradation is less than 1 dB. Furthermore, Figures 3 and 4 show the BER graph for the case when the mobile speed is 162 Kmph and 324 Kmph, respectively. These speeds correspond to a normalized Doppler of 0.05 and 0.1, respectively. Again we can see that the performance of the proposed scheme is in between the schemes in [1, 2] . It can be observed from the graphs that the gap between the performances is again less than 1 dB.
International Journal of Distributed Sensor Networks With the results from Figures 2-4 we can expect the overall energy consumption performance of the proposed scheme to be better than both of the other schemes for smaller transmission distances. However, we can expect better performance from the proposed scheme than the scheme in [1] for all possible transmission distances. This is due to the better BER performance of the proposed scheme than the scheme in [1] . Now we compare the total energy per bit requirements as a function of the transmission distance for the proposed scheme, the scheme in [1] , and the scheme in [2] . The transmission energy considered to find these graphs corresponds to a BER of 10 −4 . Figure 5 shows the graphs of total energy consumption per bit of the three schemes for the mobile speed of 81 Kmph. The required energy for all the schemes increases exponentially with the distance but the required energy for the proposed scheme is less than the schemes in [1, 2] for a distance of about 250 m. This reduction in energy consumption is due to the reduced channel estimation circuit energy.
Similar behavior of the total energy consumption can be observed in Figure 6 , which shows the energy consumption per bit for mobile speed of 162 Kmph. However, for this case the gap between the energy consumption of the proposed scheme and [2] is less than the gap in Figure 5 . This is because of slightly higher transmission energy gap between proposed scheme and existing schemes. This transmission energy gap starts dominating for longer transmission distances and hence the gap of the overall energy consumption starts decreasing for higher distances. Figure 7 shows the total energy consumption graphs as a function of the transmission distance when the mobile speed is 324 Kmph. As expected, the energy consumption graph of the proposed scheme rises faster than the scheme in [2] . For distances less than about 170 m the energy consumption of the proposed scheme is less than the other two schemes. Table 3 shows the percentage of channel estimation energy for different schemes. It can be observed that the proposed schemes reduce the percentage of computational energy by about 32-42%.
Conclusions
An energy efficient channel estimation scheme for highly mobile OFDM systems is proposed. The Doppler information is used to assist channel estimation. The channel coefficients are represented as a weighted combination of the reference channel coefficients. The weights depend on the Doppler information and on the delay tap. The number of reference channel coefficients used for smaller delay taps is less than the number of reference channel coefficients for higher delay taps. This decreases the overall channel coefficients to be estimated and hence decreases the number of arithmetic operations required for channel estimation. The reduction in the number of arithmetic operations entails less circuit energy and consequently less total energy is required per bit. The simulation results show that the proposed scheme requires less total energy per bit for a transmission distance of less than 170 m when the mobile speed is 324 Kmph. It can be written in following form:
with the definitions of c ( ) and h provided in (18) and (20), respectively.
